Associated with the neuronal plasma membrane are cytoskeletal proteins which probably control the specialization of the membrane into axonal and dendritic domains. Specialized isoforms of the proteins spectrin and ankyrin are located in each region and provide molecular mechanisms for locating specific transmembrane proteins at required points. However, spectrin and ankyrin were defined by extensions of the model for the erythrocyte membrane, an analogy unlikely to provide a complete account of the neuronal membrane skeleton. W e have defined two new proteins of the neuronal membrane skeleton, designated p 103 and A60. p103 is enriched in post-synaptic densities and binds with high affinity to integral membrane proteins -we suggest that it may have a role in linking the cytoskeleton to synaptic glycoproteins.
Introduction
The generation of neuronal form and function requires the active participation of the cytoskeleton. The cytoplasmic cytoskeleton plays a critical role in defining the shape of the cell, even to the extent that the diameter of the axon is dictated by the neuronal intermediate filaments (neurofilaments) (see e.g.
[ 1 I). Distinctive neuronal functions are related to the plasma membrane: the generation and propagation of action potentials and reception of signals from other cells all require specific activities to be incorporated in plasma membrane proteins. It follows that there must be mechanisms for locating plasma membrane proteins at the required points. Internal transport mechanisms are capable of discriminating between proteins destined for the axon or dendrite either by targeting mRNA before translation or by targeting newly synthesized proteins (e.g. [2, 31) .
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However, once they have arrived at their destinations, transmembrane proteins must be held in place; limits therefore have to be imposed on the free diffusion of proteins in the plane of the plasma membrane. Electron microscopy reveals no obvious morphological barriers to free diffusion in neurons in the brain. Moreover, neurons isolated in tissue culture also place restrictions on free diffusion of certain proteins. Given that the cytoskeleton seems to dictate some of the morphological properties of the plasma membrane, could there be a role for it in the generation of neuronal plasma membrane function?
The neuronal plasma membrane in vivo has concentrations of cytoplasmic proteins associated with it in certain regions critical to its activities: two examples of this are the post-synaptic density (PSD) and the dense 'fuzz' on the cytoplasmic face of the node of Ranvier that can be detected by electron microscopy. Both these regions are enriched in filamentous actin [4, 51. Linkage of actin to the cytoplasmic domains of transmembrane proteins could provide a mechanism for restricting the mobility of transmembrane proteins. Evidence in favour of actin-membrane linkages includes the copurification of actin with both axonal preparations and PSDs [6] . €low could this be achieved?
A useful precedent here is the erythrocyte plasma membrane (for reviews, see .
Although it is most unlikely to provide a full model for the neuronal plasma membrane, there are some aspects of each membrane which are similar. In each case, cytoplasmic actin is linked to the membrane. A transmembrane protein critical to the function of the erythrocyte membrane, namely the anion channel, is restricted in its mobility in the plane of the plasma membrane. Linkage of actin to the plasma membrane also regulates erythrocyte cell shape. How useful might this model be in describing the neuronal plasma membrane? It is well documented that neurons contain proteins related in their structure to the erythrocyte membrane skeletal proteins spectrin, ankyrin, protein 4.1, adducin and protein 4.2 (see e.g. [ 101). A brief resume of how these proteins may be organized will be given below. On the other hand, erythrocytes have no dynamic endo-and exo-cytotic vesicle traffic, nor do they have specialization of the membrane into dendritic and axonal compartments. Furthermore, Volume 
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the membrane-associated cytoskeleton in neurons is not exclusively based on cytoplasmic actin: both neurofilaments and microtubules are bridged to the plasma membrane at certain points [ l l ] . In considering the nature of the neuronal plasma membrane, the erythrocyte membrane makes a useful analogy for part of the structure, but a full understanding must require identification of other, possibly neuron-specific, membrane-skeletal proteins. In this paper, we will describe the discovery of two candidates for novel membrane skeletal proteins in neurons: these are the axonal protein A60 and the PSD protein p103.
The spectrin-and ankyrin-based aspects of the neuronal membrane skeleton Spectrin (otherwise known as fodrin or calspectin) is distributed over the cytoplasmic face of the entire neuronal plasma membrane. There is evidence for regional segregation of spectrin subtypes to one part of the cell or another. Cerebellar dendrites of mammals and chicks are distinguished by having a specialized form of the spectrin lower molecular mass (235 kDa) subunit [12, 131. This strongly suggests that there may be a role for compartmented spectrin subtypes in the generation of neuronal plasma membrane diversity, especially since it seems that spectrin can show local enrichment in regions such as the PSD and node of Ranvier [5, 141. In addition to the expression of specific genes and the compartmentation of their products, both spectrin chains can be varied by differential mRNA splicing [15] [16] [17] [18] [23] . The Na+/K+-ATPase of myelinated axons is not free to diffuse in the plane of the axolemma, and although it appears to be present all along the axon [24] , it is concentrated in the nodes of Ranvier [25] . The voltage-gated Na+ channel is also highly concentrated in nodes [26] . Moreover, the channel is not free to diffuse in the axons of cultured neurons, but seems to be held in place by interactions with intracellular elements [26] . One view would therefore be that both the voltage gated Na' channel and the Na+/K+-ATPase are restricted to the node by their interactions with ankyrin, and through ankyrin to spectrin and the internal cytomatrix.
Bennett and co-workers have defined restricted forms of ankyrin (ankyrin R) that localize at the node [27, 281. These would be supposed to allow particular populations of transmembrane proteins to be immobilized to the required parts of a plasma membrane. A more broadly distributed form of ankyrin, ankyrin H, is not restricted to the plasma membrane of neurons: practically every cell type in brain cross-reacts with antibodies to ankyrin €3 [27] . Despite the characterization in vitro of binding sites for ankyrin €3 on brain membranes, which are present in large numbers and have high affinity for ankyrin €3, no distinctive role for ankyrin €3 has yet emerged. It may be that ATPase isoforms which are not highly concentrated at nodes [24] may be part of the ankyrin €3 binding sites observed in vitro. An alternative or additional role might be to control the shape and stability of the plasma membrane of both neuronal and non-neuronal cells.
An adducin isoform is present in brain and is likely to promote the binding of spectrin to actin [29] . Multiple protein 4.1 isoforms have been reported: the complexity of some of the patterns observed and their locations makes it difficult to predict their roles with precision (compare the polypeptides detected in [ 30, 3 11) .
The model that has emerged from these studies on the brain membrane skeleton shows a surprising degree of similarity to features of the erythrocyte model, yet with added diversity of protein forms and function. Nevertheless, there is no reason to suppose that the tally of membrane skeletal proteins is yet exhausted. In the remainder of this paper, we will discuss investigation of the existence of additional proteins and the finding of two novel proteins of the membrane skeleton.
Approaches to the discovery of novel neuronal membrane skeletal proteins
Having established that brain spectrin and ankyrin are bona fide components of the membrane skeleton, one approach to the discovery of novel proteins would be to prepare and then characterize extracts of brain membranes that are enriched in these proteins. In these experiments, spectrin and ankyrin act as markers for the membrane skeleton. Proteins co-extracting with them under selective conditions can be investigated for their potential for being novel membrane skeletal proteins.
I043
In 1984, Ohanian p103 binds avidly to NaOH-stripped brain membranes (prepared as described in [37] for or against antibodies to the known membrane skeletal proteins: brain spectrin (240 kDa and 235 kDa), ankyrin (215 kDa and 205 kDa) and actin (42 kDa), simply on the basis of reacting bands on the blots. One hybridoma, which produced an antibody that recognized a band of 60 kDa on Western blots of the Tris extract, was chosen for further study, and was cloned three times by limiting dilution. The cloned cell line was designated DR1, and secretes an IgG2a antibody. The antigen recognized by the DR1 antibody migrated on gel filtration as a 60 kDa globular monomer in 1 M-Tris/HCI pH 8.0 and its PI was 5.6. In subcellular fractionation, it was specifically enriched in axonal membranes. Although small amounts were found in synaptosomes, there was no evidence of specific enrichment. Detectable amounts were not found in the cytoplasm. Immunofluorescence and immunoperoxidase microscopy studies revealed that it was principally distributed in the axons of adult rat cerebellum and spinal cord. We have designated this protein A60 to denote it as an axonal protein of 60 kDa.
Sections of spinal cord showed the antigen to be apparently unique to axons (see Fig. 1 ). The stain appeared to run along the entire length of axons and was concentrated only in the cortical cytoplasm so that cross-sections of axons appeared as rings. This location was very similar to that of axonal spectrin. Staining parallel sections with antibrain spectrin antibodies confirmed this, but DR1 reactivity consistently appeared as a thicker ring than the spectrin stain. Thus, while axonal spectrin seemed confined close to the plasma membrane through its interactions with ankyrin and/or transmembrane proteins, the antigen recognized by DR1 extends further in to the cytoplasm. Variations in the intensity of the stain in different nerve fibres were also observed. Whereas the spectrin stain was evenly distributed over all axons observed, DR1 stain was more heterogeneous. Sections of dorsal root nerve stained scarcely above background consistent with this little A60 was found by Western blots of dorsal root nerve homogenates. Moreover, variations between fibres in spinal cord were seen.
In cerebellum, A60 was concentrated in the layer of white matter and was present in the axons that descend through the granule cell layer from the Purkinje cells. It was also present in the parallel fibres of the molecular layer. The Purkinje cells themselves seem to actively synthesize A60, since DR1 reacts with the cytoplasm and initial dendrite segments of these cells.
We have never observed stained glial cells, work), only primary cultures of cerebellar neurons showed high levels of A60. The PC12 cell line is a pheochromocytoma cell line which takes on the phenotype of peripheral neurons when cultured in the presence of nerve growth factor. In these cells nerve growth factor induced the expression of A60.
We have carried out a limited assessment of the activities of A60. Small amounts of A60 (about 2-5% yield) co-isolate with standard neurofilament preparations. In these preparations, A60 reactivity detected on Western blots migrates between the positions of a-internexin (66 kDa) and peripherin (58 m a ) . We have also tested binding activities of A60 enriched by gel filtration of the l~-Tris/HCl extract on Sephacryl S-300 in solid-phase assays.
A60 in this preparation binds to solid-phase erythrocyte ankyrin, but not brain spectrin, synapsin 1 or ovalbumin. This argues for a specific interaction with erythrocyte ankyrin, a close relation to brain ankyrin R. However, we cannot be certain that the interaction is direct. It is conceivable that the interaction we detected was indirect and occurred via another minor component of the preparation. Further experiments using highly purified A60 will be needed to confirm this.
Discussion
The most plausible model for the membrane skeleton of the neuron is that derived from analogy with the erythrocyte. This has proved to be surprisingly productive, especially in the light of recent discoveries of multiple isoforms of all the proteins described by analogy with the erythrocyte: the isoforms correspondingly have specific locations and therefore one assumes specific activities. It is now becoming clear how the membrane skeleton can place restrictions on the mobility of specific transmembrane proteins by linking them indirectly to cytoplasmic actin.
However, observations of interactions between proteins in vitro pose the 'chicken and egg' question. We can describe, say, the interaction of ankyrin with the voltage-gated Na+ channel. I Iow does the channel become immobilized at the correct point? It is inserted in the membrane at the appropriate site, and then linked on to ankyrin, or does ankyrin link to nascent channel while it is being sorted through the endoplasmic reticulum/Golgi system? This gives rise to a number of further questions. We also need to address the role of the mem- brane skeleton in neuronal development. For example, in both chicks and mammals, the induction of spectrin isoforms has been linked to the generation of axons [ 12, [39] [40] [41] and the induction of ankyrin isoforms to the transition to active signal propagation [42] . This makes good sense since ankyrin would be supposed to be required for the efficient disposition of the signalling system.
On the other hand, there are strong suggestions that it is microtubules (with their associated proteins) and neurofilaments, cytoplasmic components of the cytoskeleton, that play the dominant role in determination of axonal morphology [ 1, 431.
Since these proteins are predominantly not linked to the membrane, and there is little evidence to suggest that either bind substantial numbers of transmembrane proteins directly, there must be mechanisms to transmit information about microtubules and neurofilaments to the membrane. Connections have been described running between the membrane and cytoplasmic neurofilaments and microtubules, but these seem restricted to specific domains of the membrane (see, e.g. [ l l , 441). Although coupling of microtubules in squid axons to a potential bridge protein, axolinin, has been linked to the maintenance of Naf currents [45-471, no general mechanism for transmission of morphological specification has yet been described. One possibility might be that information could be transmitted via either or both spectrin and ankyrin, since they bind microtubules, some of their associated proteins and intermediate filaments [48-543. One further possibility for such a mechanism would be via AhO. A60 interacts with neurofilaments and most likely with ankyrin too. A60 is also expressed at the earliest stages of neuronal development (N. V. I,. Hayes & A. J. Haines, unpublished work), and is a good candidate to mediate early events in the specification of the axolemma. A60 is not confined to such a narrow margin at the cell's periphery as ankyrin and spectrin, and therefore has the potential to link between the cytoplasmic neurofilaments and the components of the membrane skeleton which are closer to the membrane. It will be necessary to devise tests for the hypothesis that some of the neuron-specific components of the membrane skeleton are necessary to transmit information from the cytoplasmic cytoskeleton to the membrane.
There may also be additional adaptors between the cytoskeleton and the membrane to those described by the erythrocyte model. For example, we know that p103 is enriched in the PSL) and can interact with membrane proteins. One possibility to test is that p103 can join the cytoskeleton to the membrane in addition to spectrin and ankyrin in this role.
